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Recent evidence from several investigators suggest that the human T-cell leukemia virus type 1 Tax
oncoprotein represses the transcriptional activity of the tumor suppressor protein, p5S3. An examination of
published findings reveals serious controversy as to the mechanism(s) utilized by Tax to inhibit p53 activity
and whether the same mechanism is used by Tax in adherent and suspension cells. Here, we have investigated
Tax-p53 interaction simultaneously in adherent epithelial (HeLa and Saos) and suspension T-lymphocyte
(Jurkat) cells. Our results indicate that Tax activity through the CREB/CREB-binding protein (CBP), but not
NF-kB, pathway is needed to repress the transcriptional activity of p53 in all tested cell lines. However, we did
find that while CBP binding by Tax is necessary, it is not sufficient for inhibiting p53 function. Based on
knockout cell studies, we correlated a strong genetic requirement for the ATM, but not protein kinase-
dependent DNA, protein in conferring a Tax-p53-repressive phenotype.

Human T-cell leukemia virus type 1 (HTLV-1) is the etio-
logical agent for a highly aggressive and fatal hematological
T-cell malignancy known as adult T-cell leukemia (ATL) (17,
73, 100) and virus-associated neurodegenerative diseases
(HTLV-1-associated myelopathy (HAM)/tropical spastic para-
paresis (TSP) 21, 68). Onset of ATL usually occurs after a
prolonged asymptomatic latent period (20). HTLV-1-associ-
ated oncogenesis has been strongly linked to the expression of
its regulatory protein Tax (16, 25, 26, 64, 74, 92). On the other
hand, a direct correlation of HAM/TSP with HTLV-1 pro-
tein(s) has remained less clear.

Tax is a potent regulator of both viral and cellular gene
expression (7, 11, 17, 19, 34, 35, 53, 84). It strongly activates
transcription from the HTLV-1 long terminal repeat (LTR) as
well as sequence-unrelated viral promoters such as the human
immunodeficiency virus type 1 (HIV-1) LTR (85, 87). There is
evidence that Tax can contact DNA indirectly (3, 22, 44, 50, 60,
67); however, it is well accepted that Tax regulates transcrip-
tion primarily through protein-protein interactions with cellu-
lar transcription factors which include the activating transcrip-
tion factor/cyclic AMP-responsive element-binding protein
(ATF/CREB) (96), serum response factor (18), AP-1 (19, 35),
and the NF-«B proteins (8, 14, 32, 61). Mechanistically, Tax
facilitates the formation of ternary nucleoprotein complexes
which include CREB and the pleiotropic cellular coactivator
CREB-binding protein (CBP) (9, 23, 28, 29, 47, 66). It has been
proposed that the formation of a Tax-CREB-CBP complex at
the HTLV-1 LTR is essential for viral gene expression and
viability (89, 98, 99, 102, 103).

Tax contributes pathologically to transformation and im-
mortalization of T cells through dysregulation of cellular genes
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important for cell growth and cell cycle progression (31, 65). In
this respect, several studies have proposed the ubiquitous cel-
lular sentinel p53 as a significant target for the Tax oncoprotein
(56). p53, a DNA-binding transcription factor, is a highly con-
served tumor suppressor which induces cell cycle arrest at the
G,-S junction and/or apoptosis in response to DNA damage
from UV and v radiation (1, 24, 45, 51, 88). Activation and
inactivation of p53 have been proposed to be regulated
through phosphorylation and dephosphorylation by various
protein kinases, including ataxia telangectasia mutated (ATM)
and DNA protein kinase (DNA-PK) (4, 12, 13, 39, 42, 63). In
over half of human malignancies, genetic mutation in p53
leading to a loss of function has been identified (27, 52), sug-
gesting that an in vivo p53 function is to suppress oncogenic
transformation. Interestingly, HTLV-1-transformed cells gen-
erally contain unmutated wild-type p53 genes (91). This sug-
gests that loss of p53 activity in ATL largely occurs through a
mechanism other than genetic mutation.

Several recent studies have presented seemingly divergent
thoughts as to how HTLV-1 Tax affects p53 function (60).
Originally, it was demonstrated that Tax repressed transcrip-
tion of the p53 gene (93). Subsequently, based on the finding
that p53 binds CBP/p300 for function (80, 83), several inves-
tigators showed that Tax inhibited p53 activity through seques-
tration of the CBP coactivator (5, 90, 94). More recently, a
novel DNA-PK-dependent phosphorylation mechanism (71)
which was correlated with NF-«B activation (72) was proposed
as one route through which Tax inactivates p53. These various
observations are difficult to reconcile and suggest that addi-
tional details are needed to fully understand the interaction(s)
between Tax oncoprotein and p53 tumor suppressor.

In examining Tax-p53 interaction, we have compared here
the contributions from two signaling pathways, CREB/CBP
and NF-kB, to the inhibition of p53 activity by Tax. We tested
mutant Tax proteins which are either active or inactive in one
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or both of these pathways. Furthermore, using HTLV-2 Tax
protein and Tax1l mutants which fail to bind CBP, we also
investigated the hypothesis of direct coactivator competition
for CBP between Tax and p53 as an explanation for functional
suppression of the latter by the former. Last, we assayed
DNA-PK and ATM knockout cell lines to examine the role of
phosphorylation and the identity of the protein kinase(s) in-
volved in Tax-mediated inactivation of p53. Our results indi-
cate that Tax represses p53 function in a dose-dependent man-
ner and that the ability of Tax to activate CREB and bind CBP
is necessary, but not sufficient, for this repression. We found
Tax inhibition of p53 activity to be independent of DNA-PK
and to correlate with the intact presence of ATM. These find-
ings contribute incrementally to further our understanding of
how a viral oncoprotein, Tax, abrogates the activity of an im-
portant cellular tumor suppressor, p53.

MATERIALS AND METHODS

Cell lines. Human cervical carcinoma (HeLa) and p53-negative human osteo-
sarcoma (Saos-2) cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with L-glutamine, penicillin-streptomycin, and 10% fe-
tal bovine serum. Ataxia telangectasia cells lines CRL 7201 and GM02052C were
obtained from the American Type Culture Collection and the NIGM Human
Genetic Mutant Cell Repository (Coriell Institute for Medical Research, Cam-
den, N.J.), respectively, and were maintained in DMEM supplemented with
L-glutamine, penicillin-streptomycin, and 20% fetal bovine serum. DNA-
PKcs*/* and DNA-PKcs /™ cells (46) were cultured in DMEM supplemented
with L-glutamine, penicillin-streptomycin, and 20% fetal bovine serum. Jurkat
cells were maintained in RMPI 1640 supplemented with L-glutamine, penicillin-
streptomycin, and 10% fetal bovine serum.

Plasmids and transfections. pU3RCAT (11), pG13CAT, pG13Luc, and p53
(human wild type) (gifts from B. Vogelstein) expression plasmids were previously
described (41). Tax single amino acid mutants—S113A, S258A, S274A, and
L320G—are indicated by the single-letter code for the amino acid to be changed,
the position of the change, and the single-letter representation of the replace-
ment amino acid. Tax mutants A2-58 and AStu have amino acids 2 through 58
deleted and deletion of all C-terminal amino acids downstream of residue 245 at
the Stul site, respectively. Tax M1-45 contains the first 45 amino acids of the Tax
open reading frame. Unless otherwise indicated, expression of all Tax mutants
was driven by a cytomegalovirus (CMV) immediate-early promoter (85).
TaxK88A and TaxL90OA were gifts from C. Z. Giam. TaxM22 and TaxM47 were
from Warner Greene (87). ATM expression plasmid pMAT1 was from Martin F.
Lavin and was used in transfections as previously described (101).

HeLa or Saos-2 cells were seeded into six-well tissue culture dishes. Transfec-
tions were performed 24 h later, using Lipofectamine and Plus reagent (GIBCO-
BRL) as described by the manufacturer. Jurkat cells were washed and resus-
pended in serum-free RMPI 1640 Resuspended cells, (0.5 ml; 107 cells per
sample) were transfected by electroporation in Gene Pulsar cuvettes (0.4-cm
electrode gap) manufactured by Bio-Rad. Electroporation was carried out in a
Bio-Rad Gene Pulsar at 200 (), “EXT” capacitance, and 1.60 kV. Following
electroporation, Jurkat cells were transferred to six-well tissue culture dishes,
and complete RMPI 1640 was added to each well for a total volume of 5 ml.
Typically, 5 X 10° HeLa and Saos-2 cells or 107 Jurkat cells were transfected with
1.0 g of a reporter plasmid, 0.5 pg of p53 plasmid, 1 to 2 pg of Tax expression
plasmid, and 0.2 ug of pPCMV-B or 1 pg of pAD-B (CMV immediate-early or
adenovirus major late promoter-driven B-galactosidase expression plasmid, re-
spectively), used as a normalization control for transfection efficiency). pUC19
was added where needed to all transfections to equalize for the total amount of
transfected DNA.

Caffeine treatment. HelLa and Saos-2 cells were cotransfected with pG13Luc,
p53, and Tax. At 24 h after transfection, caffeine was added to wells to a final
concentration of 0.01 to 1.0 mM. Cells were harvested 48 h after transfection.

CAT, luciferase, and B-galactosidase assays. For chloramphenicol acetyltrans-
ferase (CAT) assays, cells were harvested 48 h after transfection and lysed by
three successive cycles of freezing and thawing. CAT activity was detected by
thin-layer chromatographic separation of ['*C]-chloramphenicol from its acety-
lated derivatives and quantitated by phosphorimaging (Fuji). Luciferase activity
was measured 48 h after transfection. Cells were washed twice with 1X phos-
phate-buffered saline and then lysed in 1X lysis buffer (Promega). Luciferase
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assay substrate (Promega) was used according to the manufacturer’s protocol,
and activity was measured in an MGM Instruments Opticom II luminometer.
Cell extracts used for CAT or luciferase assays were quantitated for B-galacto-
sidase activity using Galacto-Star (Tropix) as described by the manufacturer.
CAT and luciferase activities were normalized for transfection efficiency based
on B-galactosidase readings.

Immunoblotting. MT4 cells were cultured in RPMI 1640 containing 15% fetal
calf serum. Then 10® cells were lysed with 500 pul of radioimmunoprecipitation
assay buffer (1% Triton X-100, 0.05% bovine serum albumin, phenylmethylsul-
fonyl fluoride [100 wg/ml], 1% sodium deoxycholate, and 0.05% sodium dodecyl
sulfate [SDS] in 0.01 M Tris-HCI [pH 8.0]-0.14 M NaCl) in an Eppendorf tube
placed in a continuously rotating device in a cold room for 1 h; DNA was sheared
using a 22-gauge needle. After centrifugation at 18,000 rpm (Eppendorf centri-
fuge model 5415C) for 10 min in the cold room, the pellet was saved and the
supernatant was precleared by incubation with a preimmune antiserum followed
by protein G-agarose for 2 h and then by centrifugation at 18,000 rpm (Eppen-
dorf centrifuge model 5415C) in the cold room for 5 min. The precleared
supernatant was incubated with monoclonal mouse anti-p53 antibody conjugated
to agarose beads (Oncogene Science) for an additional 2 h in the cold room and
then centrifuged to pellet beads. Beads were washed with radioimmunoprecipi-
tation buffer four times, resuspended into SDS-sample buffer (50 mM Tris-HCl
[pH 6.8], 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glyc-
erol), boiled for 3 min, and resolved by electrophoresis in a 10% polyacrylamide
gel (PAGE). The gel was transferred to a polyvinylidene difluoride membrane
(Immobilion P; Millipore), which was reacted with rabbit polyclonal anti-Tax
antibody (a-Tax) followed by visualization with chemiluminescence as suggested
by the manufacturer (Tropix).

GST-Tax column chromatography. Hela nuclear extract was chromato-
graphed in a glutathione S-transferase (GST)-Tax column containing purified
Escherichia coli expressed GST-Tax fusion protein saturated onto glutathione-
Sepharose beads (Pharmacia). After stepwise elutions with different concentra-
tions of KClI salt buffer, each eluate was resolved by SDS-PAGE followed by
immunoblotting.

Confocal microscopy. Laser scanning immunofluorescent confocal microscopy
was performed as described elsewhere (36). Two-color staining was achieved by
using species-specific secondary antibodies (goat anti-mouse and goat anti-rab-
bit) conjugated to different fluorochromes (fluorescein and Texas red), with
visualization using different filters and different wavelength laser emissions.

RESULTS

Tax represses p53 activity. To explore the various hypothe-
ses for Tax-p53 interaction, we first assessed the reported re-
pressive activity of Tax on p53. We checked activities in three
pS3-negative cell lines, HeLa, Saos-2, and Jurkat. HeLa is
phenotypically negative for p53 activity (82); in both Saos-2
and Jurkat cells, the p53 alleles are genotypically mutated. To
test for expression, we introduced into cells either pG13CAT
or pG13Luc reporter, containing 13 copies of a pS3 consensus-
binding site positioned upstream of the polyomavirus pro-
moter attached to either a CAT or a luciferase cDNA, respec-
tively. Cotransfection of pG13CAT or pG13Luc with wild-type
p53 plasmid produced a 10- to 100-fold increase in activity over
that basally expressed from pG13 reporter alone (Fig. 1).
When wild-type Tax plasmid was introduced along with
pG13CAT or pGl3Luc and p53, Tax repressed in a dose-
dependent manner p53 induction of pG13CAT or pG13Luc in
HelLa (Fig. 1A), Saos-2 (Fig. 1B), and Jurkat (Fig. 1C and D)
cells. This abrogation of p53 activity required functional Tax
protein since a control transfection with the inactive Tax trun-
cation mutant Tax M1-45 (Fig. 1A, lanes 9 to 11), Tax single-
point mutants S274A and L320G (Fig. 1C; see also Fig. 3), and
Tax double-point mutant M47 (Fig. 1D and reference 87)
produced no significant inhibition.

Interaction between Tax and p53. In the majority of breast
cancers (58) and neuroblastomas (59), wild-type p53 alleles are
maintained. Interestingly, wild-type pS3 proteins in these cells
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FIG. 1. Dose-dependent repression of p53 activity by HTLV-1 Tax. HeLa (A), Saos-2 (B), and Jurkat (C) cells were transfected with 1 pg of
pG13CAT (or pG13Luc [Jurkat]), 0.5 pg of p53, and 1 or 2 (2X) wg of plasmids expressing either wild-type Tax or Tax mutants. Results are
expressed as the mean fold activation with standard deviation. (A) Bar graph of Tax-p53 activity in HeLa cells (left) and representative results of
CAT assays showing repression of p53 by Tax and lack of repression by a mutant of Tax that expresses amino acids 1 to 45 (Tax M1-45) (right).
Lane 1, basal activity of the HTLV-1 LTR (5 pg of pU3RCAT); lane 2, activation of pU3RCAT by wild-type Tax (3 pg); lane 3, lack of activation
of pU3RCAT by inactive Tax M1-45 (3 pg); lane 4, basal activity of pG13CAT (5 pg). Lanes 5 through 11 show pG13CAT (5 pg) with p53 (3 pg)
and increasing amounts (1.0 to 5.0 pg) of either wild-type Tax (lanes 6 to 8) or mutant TaxM1-45 (lanes 9 to 11). (B and C) Bar graphs summarizing
results for Soas and Jurkat cells. Jurkat cell were tested also using 1 or 2 (2X) pg of Tax mutants S258A, S274A, and L320G. TaxS258A is CREB*
NF-kB~; TaxL.320G is CREB~ NF-kB*; TaxS274A is CREB~ NF-kB~ (85). Dose-dependent repression of p53 activity by Tax in all transfections
is based on normalization of transfection values to an internally cotransfected CMV—3-galactosidase plasmid (see Materials and Methods). (B and
C) Same as for bar graph in panel A. (D) Transfections in Jurkat cells were performed as described above with 1 pg of pG13Luc, 3 pg of
pS3-expressing plasmid, and 1 pg of the indicated Tax or Tax mutant plasmid. Results represent average values from two independent
transfections.

are found to be excluded from the nucleus. Hence, in these observed (Fig. 1) repressive activities of Tax. We next asked

cancers, cytoplasmic sequestration, as opposed to gene muta- whether Tax might affect the normal nuclear localization of
tion, is believed to be the p53-inactivating mechanism. Because pS3 in cells.
most ATL cells also preserve wild-type alleles of p53 (91), we HeLa cells transfected with p53 alone, Tax alone, or both

wondered if dislocation of wild-type p53 could explain the together were stained with a-p53 and «-Tax (Fig. 2A) and

FIG. 2. Characterization of Tax and p53 interaction. (A) Tax and p53 colocalize in the nucleus. HeLa cells were transfected individually with
p53, Tax, or pS3 plus Tax, as indicated, fixed with paraformaldehyde, and then stained simultaneously with mouse a-p53 (clone DO-1 from Santa
Cruz Biotechnology) and rabbit a-Tax (first and second columns); morphology of cells was visualized by phase-contrast microscopy (phase). The
same fields of cells viewed through different filters are shown in the four rows. Arrows point to corresponding cells within each row. Views shown
are representative of duplicate preparations from three independent experiments. (B) Tax does not bind p53. HeLa cell nuclear extract was
chromatographed onto a GST-Tax glutathione-Sepharose column and eluted with increasing concentrations of KCI (lanes 3 to 6). Each eluate,
including the starting total HeLa extract (lane 1) and the column flowthrough (lane 2), was resolved by SDS-PAGE followed by immunoblotting
with a-p53. (C) Tax does not stabilize de novo-synthesized p53. Saos-2 cells were mock transfected or transfected with p53, either alone or together
with Tax or TaxM1-45, as indicated. Cells were harvested and resolved by SDS-PAGE. Lane 5 shows results with control MT4 cells. Lanes 1
through 4 were reacted with a-p53; lanes 5 to 9 were reacted with o-Tax.
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FIG. 3. CREB" NF-kB~ but not CREB~ NF-kB* Tax mutants repress p53 transactivation. HeLa or Saos-2 cells were transfected with
pG13CAT, p53, and TaxS113A (A), TaxS258A (B), TaxL320G (C), or TaxS274A (D). All results represent averages of at least three independent

assays.

visualized by laser confocal microscopy. p53 and Tax were
found in the nuclei of transfected cells, whether the cells were
transfected with p53 and Tax plasmids individually or together.
Thus, unlike findings from breast cancers and neuroblastomas,
p53, rather than being sequestered in the cytoplasm, colocal-
ized with Tax in the nucleus.

Reproducibly, in multiple confocal images with different vi-
sual sectionings, we observed striking nuclear overlap of Tax
and p53 (Fig. 2A, images 7 to 12). This raised the possibility
that in vivo p53 and Tax might contact each other indirectly or
directly. Although Tax has previously been shown to inactivate
another important cellular checkpoint protein through direct
binding (37), we, like others (5, 75, 90), found no in vitro
evidence for physical interaction between p53 and Tax. No p53
was retained by a GST-Tax column when Hela nuclear extract
was serially chromatographed over this matrix (Fig. 2B). Sim-
ilarly, Tax and p53 did not coimmunoprecipitate from cells
(data not shown). Hence, we inferred that in vivo cross talk
between Tax and p53 in the cell likely occurs through complex
means.

Based on previous findings (75), we wondered whether in
our experimental system a Tax-induced p53-stabilizing effect
could be documented. We did indeed detect more p53 in
HTLV-1-transformed MT2, MT4, and C816645 T cells than in

nontransformed T cells (e.g., CCRF-CEM [K.-W. Yim, unpub-
lished data). However, it was unclear whether this increased
abundance was a long-term indirect consequence of HTLV-1
transformation or a direct result of Tax expression. To address
this issue, we checked whether Tax affected the stability of de
novo-synthesized p53 in an otherwise p53-null background.
Saos-2 cells were transfected with p53 alone or together with
either Tax or TaxM1-45 mutant; 48 h later, cell lysates were
resolved by SDS-PAGE and immunoblotted in replicate (Fig.
2C). One set of membranes was reacted with a-p53; the second
was reacted with a-Tax. Mock-transfected Saos-2 cell lysate
served as a negative control for Tax, and MT4 lysate served as
a positive control. In Soas-2 cells transfected with p53 plasmid,
we found equivalent amounts of p53 regardless of whether Tax
was (Fig. 2C, lane 3) or was not (lanes 2 and 4) expressed.
Thus, under these conditions, Tax had little or no influence on
the steady-state stability of de novo-synthesized p53. Our re-
sults agree with the findings of Akagi et al. (2), who found
stabilizing effects of Tax on p53 on long-term selected cell lines
but not on newly selected cells.

Ability of Tax mutants to repress p53 activity. The above
findings on Tax-p53 interaction suggest that complex interme-
diating events lead from the former to the latter. In this regard,
we noted that among other activities, Tax induces transcription
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FIG. 4. CBP-binding Tax mutant represses p53 transactivation. HeLa and Saos-2 cells were cotransfected as indicated with pG13CAT, p53, and
either TaxL90A (A) or TaxK88A (B). L90A is competent for binding CBP, while K88A is not. All results represent averages of at least three

independent assays.

through two well-characterized pathways (i.e., activation of the
HTLV-1 LTR through CREB and the HIV-1 LTR through
NF-«B) (85, 87). Previously we described 47 Tax mutants
based on relative abilities to induce expression of either the
HTLV-1 LTR or the HIV-1 LTR (85). We tested six of these
mutants, which segregated into three phenotypes (CREB™
NF-«B~, CREB~ NF-«kB™", and CREB~ NF-kB") for repres-
sion of p53 activity.

We found that expression of TaxS113A or TaxS258A, both
CREB™ NF-kB™ proteins, inhibited p53 transactivation (Fig.
3A and B) in a manner similar to that of wild-type CREB"
NF-kB* Tax. On the other hand, TaxLL320G, which is CREB~
NF-«B*, did not repress p53 activity (Fig. 3C). These results
are similar to those for Jurkat cells (Fig. 1C). In parallel assays,
three CREB™ NF-kB~ Tax mutants, TaxS274A (Fig. 3D),
TaxA2-58 (data not shown), and TaxAStu (data not shown),
also failed to repress p53 activity. Together with the findings
for wild-type Tax (Fig. 1), these results indicate Tax’s capacity
to signal through CREB, but not NF-«kB, as important for its
repression of p53 activity.

Several studies have linked Tax’s binding to CBP with its
function in the CREB pathway (9, 23, 28, 29, 47, 66). Tax

mutants that are unable to bind CBP have recently been shown
to be defective in transactivating the HTLV-1 LTR (29). To
extend the finding that Tax signaling through CREB is impor-
tant for its pS3-repressing ability, we tested two additional Tax
mutants, one (TaxL90A) competent for CBP binding and the
other (TaxK88A) not. Expression of TaxK88A failed to repress
p53 activity (Fig. 4B), whereas TaxL90A was repressive (Fig.
4A). These findings suggest that a CBP-binding component in
Tax’s activation through CREB correlates with p53 repression.

HTLV-2 Tax does not repress p53. Unlike HTLV-1, the
related virus HTLV-2 has not been linked to human malignan-
cies (33, 55). HTLV-2, however, encodes a Tax protein (Tax2)
which is highly homologous to HTLV-1 Tax (Taxl). Tax2
closely resembles Taxl in its ability to activate either the
HTLV-1 or the HTLV-2 LTR (86) and in signaling through
the CREB and NF-«kB pathways (77). Furthermore, based on
the finding that the 4 QRTSKTLKVLTPPIT,s stretch of
amino acids in Tax1 (29) mediates binding to CBP, we noted
that Tax2CG (from isolate CG 86) contains 14 of these 15
residues. Hence, it is highly probable, although not yet directly
demonstrated, that the CBP-binding capacity of Tax1 would be
conserved by Tax2CG. In view of in vivo differences between
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Tax1 and Tax2 regarding malignant transformation and their
similarities regarding transcription, the activity (if any) of Tax
2CG on p53 could prove informative.

While Tax2CG and Tax1 are well conserved overall, it is
notable that the former is shorter than the latter by 28 amino
acids at the C terminus. As noted above, we had found that a
C-terminally truncated Tax1l AStul mutant failed to repress
p53 activity (data not shown). We therefore wished to examine
how the C-terminally truncated Tax2CG protein might behave
functionally. When directly examined for effects on p53
Tax2CG was reproducibly without effect under cotransfection
conditions in which Tax1 repressed p53 activity (Fig. 5).

Tax repression of p53 correlates genetically with ATM. We
observed above that the ability of Taxl to signal through
CREB, ability to bind CBP, and its intact C terminus all con-
tribute to its repression of p53 activity. How these discrete
findings converge mechanistically remained unclear. One
might surmise the involvement of multiple events through
which a signal emanating from Tax ultimately impinges on p53.
Indeed, a previous study had suggested that Tax influences
DNA-PK phosphorylation of p53, implicating this event as one
step in a repressive regulatory cascade (71).

DNA-PK and the related protein ATM play significant roles
in modulating p53 activity (12, 13, 69). Prompted by the find-
ings of Pise-Masison et al., (70, 71), we wondered whether we
could genetically link these kinases with functional observa-
tions on Tax and p53. First, the role of DNA-PK was investi-
gated using paired cell lines that were either genotypically
normal (DNA-PKcs*'*) or homozygously lacking the catalytic

subunit of DNA-PK (DNA-PKcs /") (46). If intact DNA-PK
were needed for Tax repression of p53, then one would expect
a loss of this repressive phenotype in DNA-PKcs ™/~ compared
to DNA-PKcs /" cells. Surprisingly, Tax repressed p53 activity
comparably in DNA-PKcs ™/~ and DNA-PKcs™™ settings, sug-
gesting that this kinase is not required for a Tax p53-repressive
phenotype (Fig. 6A). Next, two independent ATM '~ cells
(CRL 7201 and GM02052C) were examined. Here, in marked
contrast to the DNA-PK cells, we found that Tax’s ability to
repress p53 was absent in both ATM /™ cells (Fig. 6B). On the
other hand, reconstitution of ATM expression in CRL 7201
cells by exogenous transfection with a cadmium-inducible
ATM-expressing plasmid (pMAT1 101) restored the ability of
Tax to repress pS3 activity (Fig. 6C). Taken together, these
results suggest a role for ATM, but not DNA-PK, in Tax p53
repression.

To better interpret our results and because genetically mu-
tated cells can contain multiple changes, we performed addi-
tional control experiments to clarify the above findings. Ini-
tially, we wished to document that loss of p53 inhibition by Tax
in ATM ™/~ cells was not a trivial consequence of a global
defect in CBP and/or CREB signaling. To address these issues,
we assayed first by Western blotting for the presence of CBP in
HelLa, Soas-2, PK*'*, PK /", and ATM /~ cells. After nor-
malizing for protein loading (based on Coomassie blue staining
[not shown]), we concluded that all cells had nearly equivalent
steady-state amounts of CBP (Fig. 7A). Next, we checked for
preservation of Tax-CREB signaling in ATM /~, DNA-
PKcs™/~, and DNA-PKcs ™" cells (Fig. 7B). In all three back-

FIG. 6. ATM, not DNA-PK, correlates with Tax repression of p53 activity. DNA-PKcs*/* and DNA-PKcs ™/~ cells (A) and ATM-deficient cell
lines CRL 7201 and GM02052C (B) were transfected individually or in the indicated combinations with pG13Luc, p53, or a plasmid expressing
wild-type Tax. (C) Reconstitution of ATM in CRL 7201 recovered Tax repression of p53 activity. Transfections were as for panel B except that
where indicated 10 pg of pMAT1 (87) plasmid was cotransfected, and cells were induced for 16 h with 5 uM CdCl, (Cd). Results are averages

from two independent transfections.
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FIG. 7. Biological parameters in ATM and DNA-PKcs cells. (A) Detection of CBP protein in cells. Whole cell lysates from HeLa, Saos-2,
DNA-PKcs™*, DNA-PKcs/~, and ATM '~ cells, as indicated, were resolved by SDS-PAGE (8% gel), transferred to a membrane, and then
reacted with a specific antibody for CBP (Santa Cruz Biotechnology). Lane 6 shows a protein marker of 200 kDa. Based on normalization to
Coomassie blue staining (not shown), nearly equivalent amounts of CBP are present in each cell line. (B) CREB pathway is intact in cells. ATM /",
DNA-PKcs™*, and DNA-PKcs™/~ cells were transfected with vCRELuc and either Tax or TaxL.320G. Luciferase activities were assayed. Intact
activation of VCRELuc by Tax was observed in all cells. (C) Abrogation of Tax repression of p53 by caffeine. HeLa and Saos-2 cells were
cotransfected with pG13Luc, p53, and Tax; 24 h after transfection, caffeine was added to cells to final concentrations from 0.01 to 1.0 mM. Cells
were harvested 48 h after transfection. Tax-mediated repression of p53 activation of pG13Luc was progressively abolished with increasing

concentrations of caffeine.

grounds, wild-type Tax, but not a CREB~ NF-kB" Tax L320G
mutant, activated the CREB-responsive viral CRE-luciferase
reporter (VCRE-Luc 95) comparably. Likewise, wild-type Tax,
but not a CREB* NF-kB~ Tax S258A mutant, activated an
NF-kB-responsive luciferase reporter competently, suggesting
similar intactness of NF-kB signaling in these cells (data not
shown). Finally, we wished to confirm through an independent
approach the contribution of ATM to Tax’s inhibition of p53
activity. Previous studies showed that caffeine can inhibit ATM
activity (81). Using concentrations of caffeine which confer
ATM inhibition, we treated ATM ™" (HeLa and Soas-2) cells
and examined whether repression of p53 by Tax would be
affected. Consistent with results from ATM /" cells, caffeine
in HeLa and Soas-2 cells (Fig. 7C) abolished progressively the
previously documented inhibition (Fig. 1) of Tax on p53.

DISCUSSION

Tax is an HTLV-1-encoded oncoprotein whose expression is
linked to cellular transformation (16, 25, 26, 64, 74, 76, 92).
One unique characteristic of Tax is its ability to induce cellular
DNA damage, leading to an impairment of genome integrity
(37, 43, 54,57, 68, 79, 86). From this perspective, Tax might be
expected to interact strongly with the cellular “guardian of the
genome,” p53 (48). Indeed, p53 is rapidly activated by cellular
DNA damage and functions to enforce cell cycle arrest for
purposes of repair or programmed cell death (51). Consistent
with the rationale for Tax-p53 interaction, several laboratories
have reported on the ability of HTLV-1 Tax to suppress the
transcriptional activity of p53 (5, 60, 71, 72, 75, 89, 95).

In this study, we explored several discrepancies in the pub-
lished literature regarding Tax-p53 interaction. For example,
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some investigators have suggested that a binding competition
between Tax and p53 for coactivator CBP sufficiently explains
the repressive activity of the former on the latter (5, 90, 95).
However, others have argued for alternative mechanisms
which invoke a phosphorylation-dependent signaling through
DNA-PK and NF-«B (72). The results presented here reaffirm
the necessity of Tax’s ability to activate CREB (60) and to bind
CBP (5, 90, 95) for its p53-repressive activity (Fig. 3 to 5). At
the same time, our findings indicate clearly that CREB-signal-
ing and CBP-binding activities are insufficient to fully account
for p53 inhibition by Tax (Fig. 3 to 5). We inferred this latter
conclusion based on the following observations. First, the
Tax1-related protein Tax2CG failed to repress p53 activity
(Fig. 5). Tax2CG largely conserves the CBP-binding domain of
Tax1 (29) and, based on its similarity to Tax1 in CREB acti-
vation (77), would be expected to competently sequester CBP.
Second, two Taxl single-amino-acid point mutants 1L.320G
(Fig. 3C) and S274A (Fig. 3D Fig. 1), which have intact CBP-
binding motifs (29) also failed to repress p53 activity. Third,
wild-type Taxl in ATM ™/~ settings where CREB signaling
(Fig. 7B), NF-«B signaling (data not shown), and CBP protein
(Fig. 7A) are intact nevertheless failed to inhibit p53 activity
(Fig. 6B). Together, these findings support the inference that
CBP binding is necessary but not sufficient for Tax1 to repress
p53 function.

The observation that Tax2CG, unlike Tax1, does not repress
p53 activity adds another piece of information about the in vivo
biological differences between HTLV-1 and HTLV-2. Extant
findings support a lack of correlation between HTLV-2 and
human malignancies (33, 55). On the other hand, the linkage
between HTLV-1 and ATL is unambiguous. To the extent that
different properties of Taxl and Tax2 might account for dif-
ferences in the in transforming properties of the two HTLVs,
it makes sense that the former, but not the latter, Tax protein
subverts pS3 function. In this regard, Tax2 differs from Tax1 in
two other important respects: it is inefficient in promoting
cellular DNA damage (86), and it cannot bind to the human
homologue of the Drosophila disc large tumor suppressor pro-
tein, hDlg. Binding of hDlg (49, 90), induction of DNA damage
(86), and partial contribution to p53 suppression (this report)
all seemingly implicate the C terminus of Tax1, suggesting that
differences in the C termini between Taxl and Tax2 are im-
portant distinguishing features. However, such differences be-
tween Tax1 and Tax2 may not sufficiently explain variances in
transformation, since in some model settings Tax2 does con-
tribute to HTLV-dependent immortalization of T lymphocytes
(78).

How mechanistically might one view Tax’s inhibition of the
transcriptional activity of p53? There is disagreement in the
literature regarding this question. Whereas four groups have
shown that CREB" NF-kB~ but not CREB~ NF-«kB* Tax
mutants repress p53 activity (5, 60, 89, 94), another group has
presented strong evidence to the contrary (i.e., CREB™ NF-
kB" but not CREB* NF-kB™~ Tax proteins repress p53 72). It
has been proposed that these divergent findings might be ex-
plained by the fact that the former results were largely derived
from fibroblastic and epithelial cells whereas the latter were
derived primarily from Jurkat lymphocytes (72). Our results
here do not favor such an explanation. Indeed, in HeLa,
Soas-2, and Jurkat lymphocytes (Fig. 1), we confirmed that
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CREB" NF-kB~ but not CREB~ NF-kB" Tax mutants re-
press p53 activity. We do not know the reasons for this differ-
ence; however, we should point out that our results are con-
sistent with either CREB- and NF-«kB-specific mutants
constructed in our laboratory (85) or analogous mutants (Fig.
1D) constructed by Smith and Greene (87).

We do not fully understand how in our system CREB™
NF-kB™ Tax mutants work to repress p53. However, based on
findings from assays of ATM~/~ cells (Fig. 6) and caffeine
inhibition (Fig. 7), we suggest that one of the downstream
mediators of Tax’s effect is the ATM protein. The ATM pro-
tein, the deletion of whose gene is responsible for the human
genetic disorder ataxia telangiectasia, has been shown to phos-
phorylate p53 at serine 15 in response to ionizing radiation
(13). At this juncture, based on evidence from Ariumi et al. (5)
that phosphorylation of p53 is not a major mechanism medi-
ating Tax-inactivation of pS3, we are uncertain as to whether a
direct kinase activity from ATM transduces a Tax signal to pS3.
Indeed, how phosphorylation works as a general mechanism
for regulating p53 function has recently been questioned by
several investigators (6, 10). Thus, we do not exclude other
indirect ATM-dependent but phosphorylation-independent
mechanisms for regulating pS3 activity (97) as contributing to
our observations on Tax-p53 interaction.
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